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SUMMARY
Bubble size control is very important whenever a gas is introduced into a liquid.
However, in the pulp and paper industry, bubble size is difficult to measure due to the presence
of fibers. This study used flash x-ray radiography (FXR), an x-ray process that provides stop-
motion images, to visualize gas bubbles in fiber suspensions. FXR images of air bubbling
through northern bleached softwood kraft pulp suspensions at consistencies from 0 to 1.5% were
taken, and bubble size distributions were determined for a fixed gas flow rate.
The presence of fibers promoted large bubble formation, which created churn-turbulent
flow conditions. These bubbles also acted as "mobile mixers" and maintained a well-mixed
system. The remaining small bubbles, defined as those with effective bubble diameters d _ 12
mm, were characterized by various distribution functions. It was shown that a single lognormal
distribution was adequate to predict the bubble size distribution when d <_ 12 mm for all
consistencies addressed in this study.
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Bubble size is very important to many processes in the pulp and paper industry. During
bleaching with gaseous chemicals, such as oxygen or ozone, the gas bubbles should be small,
uniform in size, and homogeneously distributed throughout the system to maximize the mass
transfer surface area and ensure bleaching uniformity. A homogeneous bubble size distribution is
also important in direct contact steam heating applications. In this process, small steam bubbles
are preferred to maximize the heat transfer surface area and eliminate channeling. In contrast, for
gas removal from fiber suspensions, bubble coalescence should be encouraged to form large
bubbles, thereby creating a corresponding large buoyant force, encouraging bubble removal.
Finally, in flotation deinking, a bubble size distribution of relatively small bubbles is preferred to
provide a range of bubble sizes with which various contaminant sizes can interact to form
bubble/particle aggregates.
The gas/liquid/fiber flows described above are complex slurry flows because the fibers
have a density close to that of water and can form flocs at consistencies as low as 0.3% by
weight, and continuous fiber networks at consistencies greater than 1% (Kerekes et al. 1985).
When a gas is introduced into the fiber suspension, fiber network formation and flocculation can
trap bubbles, preventing their rise to the surface. Individual bubbles must either bypass the flocs
or coalesce with other bubbles to form a resultant bubble with a sufficient buoyant force to break
through the network (Pelton, Piette 1992). If the fiber consistency is too high, preferential bubble
rise paths may form in a fiber suspension where locally high fiber consistency regions (i.e., high
floc concentration) prevent bubble ascension, and most bubbles are diverted to rise in locally low
consistency regions. This process is typically referred to as channeling and is detrimental to any
process where homogeneous flow conditions are required for optimal performance.
A severe impediment to effective bubble size control in a pulp suspension is the difficulty
in measuring it at typical operating consistencies. Bubble size can be easily measured in a
transparent (i.e., gas/water) system by optical visualization and/or laser techniques (Clift et al.
1978; Hetsroni 1982; Saxena et al. 1988; Zhu 1996). If the system is opaque, optical and laser
techniques can only be utilized near the system boundaries, if at all. However, the walls
encompassing the system can influence the information obtained and it may not represent true
conditions in the bulk flow. For these systems, resistivity or optical probes have been suggested,
but they would be inadequate in a fiber suspension because fib.ers could form entanglements
around the probe tip.
Initial attempts to visualize gas/liquid/fiber suspensions have been conducted by
Walmsley (1992). When as little as 0.1% by weight of fiber was added to water, a significant
change in the bubble behavior was observed. Water was also replaced by clove oil to produce a
system with the same refractive index as cellulose fiber to allow for bubble visualization at
higher consistencies. Observations revealed that the fibers inhibited upward bubble motion and
channels of low fiber concentration formed where the majority of bubbles rose. Hunold et al.
(1997) measured bubble size in dilute fiber systems of less than 0.5% consistency by suctioning
a small sample out of the test cell and passing it through a capillary tube. Intermittent gas
volumes were recorded and translated to equivalent gas bubble diameters, assuming no bubble
coalescence occurred in the capillary tube or suction head, which is a good assumption if the
bubble is small and coated with a surfactant. Bubble size in fiber suspensions has also been
obtained by Ajersch et al. (1992) by isolating samples in a transparent flow cell. When the flow
was stopped, the bubbles were allowed to rise to the surface for photographic analysisl This
procedure also assumed negligible bubble coalescence and all bubbles present were free to rise to
the surface. Bubble size measurements have also been obtained in air/water systems to calibrate
air injectors used in flotation deinking studies (Julien Saint Amand 1997). This information was
then utilized to relate bubble size to flotation deinking performance, although the calibration was
performed in the absence of fibers. However, the presence of fibers may have a significant effect
on bubble coalescence and size, so actual bubble size during the flotation experiments may have
changed considerably.
Radiation techniques have recently been used to quantify bubble flow characteristics in
gas/liquid/fiber systems. Lindsay et al. (1995) and Schulz and Heindel (1998) utilized ),-ray
densitometry to measure chord average gas holdup (defined as the average gas percent by
volume along the chord joining the ),-ray emitter and detector) in air/water/cellulose fiber
systems. This technique involved recording, via a detector, the y-rays emitted from a ¥-source
and transmitted through an object or region of interest over a period of time. HoweVer, local
bubble characteristics (e.g., bubble size) were not obtained with this particular radiation
technique. One radiation technique that can be used to visualize gas bubble size and flow
structures in a gas/liquid/fiber system involves x-rays, called flash x-ray radiography (FXR). This
is a process where an intense burst of x-rays is produced for a fraction of a second to record
dynamic events on film that cannot be captured by conventional photography. Recently, FXR has
been used to observe gas flow patterns (Heindel, Monefeldt 1997, 1998) and measure bubble size
(Heindel 1999) in old newspaper suspensions at consistencies as high as 1.5% and 1.0%,
respectively. This is the range typical of flotation deinking.
In this study, FXR has been used to determine bubble size distributions in a quiescent (no
bulk fluid movement) bubble column filled with northern bleached softwood kraft (NBSK) pulp
suspensions at consistencies of up to 1.5%.
EXPERIMENTAL PROCEDURES
A schematic representation of the experimental setup used in this study is shown in Fig.
1. The x-ray unit was a 300 kev HP 43733A flash x-ray system (currently supported by Maxwell
Physics International, San Leandro, CA, USA), which generated a 30 nanosecond x-ray pulse.
The fast x-ray pulse provided stop-motion x-rays of air, injected at the column base, moving
through the pulp suspension. A single 20 cm x 25.2 cm x-ray negative was exposed during each
discharge of the x-ray unit. Qualitative observations of the general gas flow patterns were
obtained in the bubble column by taking separate x-rays at one of four column positions.
Complete details of the FXR procedures can be found in Heindel and Monefeldt (1998).
The bubble column was 1 m tall with a rectangular cross section of 20 cm x 2 cm, and
was constructed with face panes of 6.35 mm clear acrylic stock. Compressed and filtered air was
injected into the base of the column through a sintered bronze sparger with a nominal pore size
of 40 pm. This was attached to the end of a flexible air line and placed on the bottom of the
column. The air line was positioned near the column wall such that it did not interrupt the bulk
bubble flow patterns. An air flow rate of 2 lpm (liters per minute) was fixed with a Dixon air
regulator and filter for all experiments, and was measured with a Sierra Instruments mass flow
meter. This air flow rate corresponded to a superficial gas velocity (volumetric gas flow rate
divided by the column cross-sectional area) of 0.83 cm/s. The entire bubble column was mounted
on a support stand with locking wheels to allow horizontal placement from the x-ray source.
The bubble column was charged by filling it from the top with 3.2 L of the desired
water/fiber slurry and corresponded to a column fluid height of 80 cm. This allowed for fluid
expansion in the column once air was introduced into the system. The column was drained when
not in use through a valved opening located on the column side near its base. The air flow rate of
2 lpm was sufficient to keep the fiber suspension well mixed during the image acquisition.
The system of interest was composed of deionized water with or without NBSK pulp,
through which filtered air was bubbled. The NBSK dry lap pulp was reslushed following TAPPI
Method T 205 om-88 (1994); however, deionized water was used, and disintegration was
performed at 1.2-1.3% consistency. Pulp slurries of 0.1, 0.5, and 1.0% consistency were prepared
by diluting samples of the reslushed stock with deionized water. Slurries with consistencies
greater than 1.2% were prepared by filtering water from the reslushed stock until the desired
consistency was obtained (i.e., 1.5%). A representative fiber sample was analyzed to determine a
2.8 mm weight-weighted fiber length (Kajaani FS-100 fiber length analyzer) and a 0.3% ash
content (TAPPI Method T413 om-93 (1996)).
Once the FXR images acquired in this study were developed, they were analyzed using
Optimas image analysis software. The image analysis pixel size in this study was 0.14 mm/pixel
and bubbles larger than 1 mm in diameter were recorded for analysis. Bubble size meas_ements
were obtained from multiple x-rays taken at column position 2. Bubble areas were recorded and
converted to equivalent bubble diameters, defined as the diameter of the circle whose area was
equal to that of the bubble image.
RESULTS
Flash x-ray radiographs were obtained at four positions in a quiescent bubble column
filled with various consistencies of NBSK pulp. General air flow patterns will first be described
and then bubble size measurements at column position 2 will be presented.
The composite of four x-ray images for an air/water system (0% consistency) is presented
in Fig. 2. This provides a baseline for all other comparisons. Each image was taken at a separate
time interval and the gaps between images are the result of fixed, non-overlapping regions where
the x-ray film cassette was located. Although the x-ray film was 20 cm x 25.2 cm, the area of
each x-ray image shown in Fig. 2 is 20 cm x 20 cm. The remaining film area extended beyond
the column sides and contained image and location identifiers, which were digitally removed for
clarity in the figures presented here. The flexible tubing used to supply the air is clearly visible
on the left-hand side of the column. The general flow patterns in the bubble column are captured
in Fig. 2. Many small bubbles are observed throughout the column (the small dark regions in
each radiograph) and this flow regime is generally termed bubbly (Hewitt 1982). The bubbles are
relatively small, rise in a turbulent fashion, and encompass the entire column width. Backmixing
is also visually observed and results in the many small bubbles recorded on the left-hand side of
position 1 in Fig. 2. The gas holdup of the system is visible as shown by the rise in the air/fluid
interface from the initial column height of 80 cm to approximately 84 cm. This corresponds to an
approximate gas holdup of 5%.
The flow pattems observed in Fig. 2 differ slightly from those observed by Heindel and
Monefeldt (1997, 1998) and HeindeI (1999) because the air injection method and air flow rate
are different. Heindel and Monefeldt (1997, 1998) used a septum with nine evenly spaced holes
to introduce air into the same column as that used here, and covered a wide range of air flow
rates from 0.25 to 30 lpm. In contrast, Heindel (1999) used either a septum with a single hole or a
sparger to introduce air into the same column, but the air flow rate was fixed at 0.25 lpm.
Adding as little as 0.5% NBSK to the system results in a flow pattern change. Many
small bubbles are still present, but large bubbles periodically develop near the air injection
position and rise through the system. Large bubbles are defined in this study as those that may be
influenced by the confining walls. Clift et al. (1978) state that bubbles with an equivalent
diameter d rising through a cylin_cal column of diameter D will be unaffected by the cylinder
wall if d _<0.6D. Extending tbs idea to a bubble rising between two parallel plates, wall effects
could be neglected when d _< 0.6t, where t is the distance separating the parallel plates.
Approximating the bubble column used in this study as two parallel plates reveals wall effects
can be neglected when d ___12 mm. Therefore, large bubbles correspond to those with an effective
diameter greater then 12 mm. The bulk rising air flow oscillates in a serpentine fashion, and the
large bubbles follow this pattern. Backmixing is still visually observed when fiber is introduced
into the bubble column. Some of the small bubbles become caught in the backmixed flow, but
they are eventually entrained in the bulk rising air flow.
The general flow patterns for a 1% NBSK system are revealed in Fig. 3. This is a
consistency range at which flotation deinking cells typically operate. There are still small bubbles
in the system, but the frequency of large bubbles has increased. Some of the large bubbles have
an equivalent diameter that is greater than the column thickness of 20 mm and they typically
span the entire column depth. The shape of these bubbles deform as they rise through the column
due to interaction with the fiber network. In Fig. 3, three large bubbles are about to break the
surface, which makes the height of the air/fluid interface difficult to identify. Therefore, although
there is a considerable amount of gas holdup in this system, the exact value cannot be quantified
by the rise in column height. The flow conditions observed here would be considered chum-
turbulent where the large bubbles create violent oscillations in the fluid motion (Hewitt 1982).
Therefore, fibers promote an early transition from bubbly flow to churn-turbulent flow. This
result was also observed by Heindel and Monefeldt (1997, 1998).
Representative FXR images of position 2 for each NBSK consistency addressed in this
study are shown in Fig. 4. The flexible air hose is visible on the left-hand side of each 20 cm x
20 cm image. As the fiber consistency increases, the number of small bubbles decreases and the
number (and size) of large bubbles increases. This result is clearly evident when the bubble size
distribution is determined from multiple position 2 radiographs, as shown in Fig. 5. Note that the
majority of the bubbles in each population are smfller than 12 mm and there are only a few with
equivalent bubble diameters greater than 20 mm, corresponding to the cohann depth. The
average bubble size and standard deviation (Table 1) increases with increasing NBSK
consistency, but this is primarily the result of the increase in the few number of large bubbles as
consistency increases. Although the total number of large bubbles is rather small compared to the
entire bubble population, it clearly increases with increasing fiber consistency. One very apparent
feature of Fig. 5 is that the bubble size distribution of relatively small bubbles has a similar shape
for all NBSK consistencies addressed in this study, with a peak in the 2-3 mm size range. The
main difference is that the magnitude of the peak decreases slightly as the NBSK consistency
increases, which is due to the increase in the number of large bubbles. Additionally, the majority
of the bubbles remain in the range unaffected by the confining walls (i.e., d _<12 mm).
The few large bubbles that are recorded by the bubble size measurements increase in
number as the NBSK consistency increases. This results in a significant shift in average bubble
size and the large increase in standard deviation for each bubble population as the NBSK
consistency increases. These large bubbles also serve a very important function by acting as
"mobile mixers" in the fiber suspension and maintaining a uniform system throughout the bubble
column. This allows the majority of the bubbles to remain relatively small and free to move
throughout the system. In terms of flotation deinking cells, the small bubbles would capture ink
particles, and the large bubbles would keep the suspension well mixed and prevent fiber network
formation. This type of bubble size distribution was not observed in the bubble size
measurements of Heindel (1999) because the air flow rate in that study was much lower than that
used here.
The cumulative number density for the various NBSK consistencies is shown in Fig. 6.
All curves display the same general form and asymptote to a constant cumulative number density
when the equivalent bubble diameter is less than 12 mm. The few remaining bubbles in the
population comprise the large bubbles with equivalent bubble diameters greater than 12 _, and
for the conditions of this study, can be as large as 44 mm. This figure again shows that the
number of large bubbles increases with increasing NBSK consistency.
The similarity in the cumulative number density distributions suggests that it may be
possible to characterize the bubble size distributions with a particular type of known distribution.
Three such distributions are shown in Fig. 7 for each NBSK consistency. Since the bubble size is
defined only for d > 0, the cumulative normal distribution is given by
1 1 y-_t Y [1]CUmN- cx/}-_ exp - 2 {x
where y is a dummy variable and x is the parameter of interest (i.e., the bubble diameter), and
and c_are the mean and standard deviation of the bubble population. The cumulative lognormal
distribution is given by
IICH1TILN -- i 1 1 In(y) - [']'LN y [2]0yC_LNX/_ exp - _ c_Ls
where _I,LNand (J'LNare the mean and standard deviation of the natural logarithm of the bubble
diameters. These values are not equivalent to _ and c_,but can be related by (Ayyub, McCuen
1997)
1 2
_LN -- ln(_)- _C_LN [3]
i / /212 =In1+ [4](J'LN
The cumulative gamma distribution is given by
x 1 y__,e_Y/_dy [5]
Cum°=!
where F(a) is the gamma fimction and ct and 13are parameters that describe it and are related to _t
and cyby (Devore 1982)
_ = ct[3 [6]
(j. 2 __ CZ_2 [7]
For the air/water data, the normal distribution is adequate for describing the bubble size
distribution, but the lognormal and gamma distributions follow the experimental data much
better. When these three distributions are used to characterize the bubble size distribution in a
0.5% NBSK suspension, the lognormal distribution does a better job at following the
experimental data, but it is still not very good. The discrepancy between the data and the various
distributions becomes even larger as the NBSK consistency increases and is due to the increased
presence of the large bubbles as consistency increases.
By neglecting the small number of bubbles in each bubble population that are influenced
by the confining walls (d > 12 mm), the cumulative number densities for those bubbles with d _<
12 mm are shown in Fig. 8. Normal, lognormal, and gamma distributions are also shown for
each NBSK consistency. The specific parameters used to generate these distributions are shown
in Table 2. For the air/water system, each distribution provides adequate representation of the
experimental data, with the normal distribution deviating from the data the most. As the NBSK
consistency increases, the normal distribution fails to follow the experimental data. The gamma
distribution also begins to deviate from the experimental data as the NBSK consistency
increases. This is particularly apparent at 1.5% consistency. The data for all consistencies are
best predicted by the lognormal distribution with the associated parameters given in Table 2.
As shown in Table 2, the mean (_I.N) and standard deviation ((J'LN) of the natural
log_thms of the bubble size, with d < 12 mm, are similar for all NBSK consistencies addressed
in this study. Combiningall d _<12 mm data yields averagevalues of _I.N,av_= 1.0 and (J'LN,ave '--
0.45. The experimental cumulative number densities for d < 12 mm and Eq. [2] evaluated at
_l,LN, ave and (J'LN,aveare shown in Fig. 9. This distribution does a good job at characterizing the
bubble size distribution for all conditions of this study. The data deviate from the lognormal
distribution only after the 70th percentile is reached.
IMPLICATIONS TO BUBBLE SIZE CONTROL IN FIBER SUSPENSIONS
As shown in Fig. 6, the cumulative number densities of the bubble size distribution are
similar for all NBSK consistencies addressed in this study. The minor differences are the result
of the few large bubbles that increase in frequency as the NBSK consistency increases. By
focusing only on those bubbles with d _<12 mm, Fig. 9 shows that the cumulative number
density of the bubble population can be characterized by the lognormal distribution (Eq. [2]).
Therefore, for a well-mixed system, the presence of fibers has only a minor influence on bubble
size of small bubbles. However, increasing the fiber consistency increases the number and size of
large bubbles (i.e., d > 12 mm). These large bubbles act as "mobile mixers" and create chum-
turbulent flow conditions, which minimizes floc formation and maintains uniform conditions
throughout the system. This was not concluded during an earlier study (Heindel 1999) because in
that study, the air flow rate was not high enough to mainta,m a well-mixed system, whch resulted
in fiber network formation.
Although the large bubbles are beneficial from a mixing point of view, the reduced
surface area for a given total gas volume is detrimental to any heat or mass transfer operation. A
mechanical agitator could perform the same fimction as the large bubbles and keep the system
well-mixed. This would allow all the gas that is injected into a fiber suspension to be utilized for
its desired purpose, such as bleaching, heating, or contaminant removal. Additionally, a lower
gas flow rate would be required to yield the same results due to the more effective use of the gas.
CONCLUSIONS
Flash x-ray radiography was used to record bubble size distributions in northern bleached
softwood kraft pulp suspensions at consistencies as high as 1.5%. The gas flow regime changed
from bubbly to churn-turbulent as the NBSK consistency increased. Differences in the
cumulative number density of the bubble size distribution for all consistencies were attributed to
the few large bubbles that increased in frequency as the consistency increased. Focusing on
bubbles unaffected by wall effects (d _<12 mm), the cumulative number density of the bubble
distribution was characterized by a lognormal distribution with _l, LN,ave -" 1.0 and (J'LN, ave -- 0.45 for
all fiber consistencies addressed in this study.
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Table 1. Average and standard deviations of the recorded bubble populations.
NBSK Average Equivalent Bubble Standard






Table 2. Parameters used to characterize the bubble distributions for d __12 mm.
NBSK Normal Distribution Lognormal Distribution Gamma Distribution
Consistency Ft (llllrl) Is' (1TIII1) _LN (-) O'LN (-) (Z (-) _ (III.tn)
(%)
0 3.0 1.2 1.0 0.39 6.0 0.51
0.5 3.0 1.2 1.0 0.38 6.5 0.46
1 3.1 1.6 1.0 0.49 3.6 0.84
1.5 3.3 1.9 1.0 0.53 3.1 1.1
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Fig. 1. Schematic representation of the flash x-ray radiography (FXR) unit and the quiescent
bubble column. The FXR unit is actually positioned perpendicular to the bubble column face
panes.
Fig. 2. Representative composite image of x-rays at four column positions for an air/water (0%
consistency) system. The dark regions are air bubbles.
Fig. 3. Representative composite image of x-rays at four column positions for an air/water/l%
NBSK system. The dark regions are air bubbles.
Fig. 4. Representative FXR images of position 2 showing the change in bubble population and
size as the NBSK consistency increases.
Fig. 5. Number density of the bubble populationfor each NBSK consistency.
Fig. 6. Cumulative number density of the bubble population for each NBSK consistency.
Fig. 7. Comparisons of the experimentally determined cumulative number densities with normal,
lognormal, and gamma distribution functions.
Fig. 8. Comparisons of the experimentally determined cumulative number densities for d __12
mm with normal, lognormal, and gamma distribution functions.
Fig. 9. Cumulative number densities for the d __ 12 mm bubble population for each NBSK
consistency and Eq. [2] with/'_LN,ave= I. 0 and O'LN,a_,= O.45.
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Figure 3
(a) air/water system (b) air/water/0.5% NBSK system
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(c) air/water/1% NBSK system (d) air/water/1.5% NBSK system
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Figure 9



